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ABSTRACT 
-
Annual cycles of relative abundance are described 
" 
for phytoplankton species collected from Monterey Bay, 
California, from July 1974 to June 1976, and the population 
dynamics related to the annual hydrographic cycle. Neritic 
, 
diatom species dominated the population during the Upwell-
ing and Oceanic periods, with dinoflagellate species 
becoming numerically more important during the Davidson 
period. 
Recurrent species groups identified using Fager's 
regroup analysis revealed the presence of a large neritic 
group of overwhelming numerical importance. This group is 
composed of indigenous species and is present in the bay 
during most of the year. Conspicuous changes in the phyto-
plankton population occurred predominantly among species 
within this group. During the Davidson period, the advec-
tion of southern waters into the bay may temporarily displace 
the endemic species with dinoflagellates becoming numerically 
more important. A red tide bloom of Gonyaulax polyedra 
occurred during this period in 1974, which dominated the 
• 
phytoplankton population for a period of six weeks . 
The population dynamics of two hydrographically 
different stations were compared. A station located over 
• 
the deep waters of the submarine canyon exhibited much 
ii 
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lower phytoplankton standing stocks than a station located 
over the shelf area in the south of the bay, but seasonal 
changes in relative abundance and species composition were 
similar. Physical and chemical differences observed 
between the two stations appear to be the result of the 
presence of more recently upwelled water in the canyon 
area, and higher biological utilization in the south of 
the bay. 
A close correlation of species diversity with the 
depth of the mixed layer was observed, with diversity 
rising with the shoaling of the thermocline. It is sug-
gested that this may reflect the introduction of new species 
from below the thermocline into the mixed layer as a result 
of upwelling activity. It is also suggested that this may 
be an artifact due to sampling problems associated with 
internal waves. 
iii 
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• INTRODUCTION 
An understanding of the dynamics of natural 
• phytoplankton populations is important from an ecological 
standpoint, as changes in community structure and composi-
tion among primary producers may well be reflected in 
successive levels of the marine food web (Margalef 1967). 
-
In areas of high productivity, such as the upwelling areas 
of North and South America, the link between primary pro-
• ducers and commercially valuable food species may be quite 
short. The planktivorous anchoveta of Central and South 
America is a prime example of this, where a positive 
correlation between phytoplankton biomass and anchoveta 
growth increment has been demonstrated (Smayda 1966). 
The central California coast is a known region of 
upwelling which supports many important fisheries, and 
Monterey Bay in particular was one of the major sardine 
fishing grounds on the west coast of. the United States 
until this fish population declined in the early 1950's 
(Wolf 1958). In spite of the commercial importance of 
this area,there is a general lack of phytoplankton species 
cycle data for the central California coast, with the 
majority of the phytoplankton work relating to the coast 
of southern California. 
1 
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A number of studies have been undertaken in the • 
past dealing with various aspects of the phytoplankton of 
Monterey Bay, located on the central California coast, but 
no complete data have been pUblished for seasonal phyto-
plankton cycles. Early characterizations by Bigelow and 
Leslie (1930) were limited to samples from a single month 
in the summer of 1928. Balech (1959) carried out more 
extensive identifications of samples collected from May 
1958 through April 1959, but the report is limited to only 
a brief characterization of the dominant species. 
Perhaps the most comprehensive work is that of 
Bolin and Abbott (1963) which recorded bi-weekly changes 
in phytoplankton abundance (volume) and generic composition • 
from 1954 to 1960. An average annual cycle was established 
which was related to the annual hydrographic cycle of the 
bay. They found that for the bay in general, plant biomass • 
closely paralleled rising and falling nutrient concentra-
tions, with peak phytoplankton abundance occurring during 
spring upwelling conditions. • 
Changes in the character of the phytoplankton 
population were also associated with upwelling events. 
During the peak of upwelling in the spring, the genus • 
Chaetoceros typically comprised eighty percent of the 
population, with four or five other genera accounting for 
another fifteen percent. With the relaxation of upwelling 
3 
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• 
and inflow of oceanic surface waters in the late summer, 
new species increased in abundance, raising the diversity 
of the community. In November and December the Davidson 
Current brought species more typical of southern waters 
to dominance. 
This study was incomplete however, in that 
identifications were carried out only to the genus level, 
which represents a considerable loss of species cycle 
information when one considers that the dominant genus, 
Chaetocepos, contains at least fifteen species found in 
Monterey Bay (Balech 1959). Another limitation of this 
study was that samples from six stations throughout the 
bay were combined and not considered separately, which 
obscures spatial differences in species composition which 
may occur within the bay. Although this study did include 
the simultaneous collection of physical data to aid in the 
interpretation of biological trends, no nutrient data were 
collected, and the role of nutrients could only be inferred 
from previously collected data. 
The relative roles of netplankton and nannoplankton 
in the seasonal cycles of abundance (biomass) have also 
been investigated in Monterey Bay. Malone (1971) found 
that at station 3 at the mouth of the bay, variations in 
productivity and standing crop were due primarily to net-
plankton, the nannoplankton remaining at nearly constant 
4 
levels. He suggested that zooplankton grazing limited • 
nannoplankton production year round and halted the 
spring bloom. 
Garrison (1976) later confirmed this relationship, 
and demonstrated that dllring upwelling netplankton concen-
trations increased dramatically, while nannoplankton 
concentrations decreased. He proposed that nannoplankton 
decreases may have been related to their selective removal 
from the area of upwelling by horizontal advection or 
selective grazing on the nannoplankton. 
The spatial distribution of plant biomass in the 
bay has been well established. Waidelich (1976), utilizing 
chlorophyll a concentrations in the upper 10 meters as an 
index of standing stock, found lower levels over the sub-
marine canyon during upwelling months due to advection of 
water to the shelf areas, and lower values in the same area • 
during non-upwelling months due to subsidence or downwelling 
and turbulence. 
Concurrent with the present study, Garrison (1980) 
examined netplankton collected at stations in north Monterey 
Bay during 1976 and 1977. He identified recurrent species 
groups using Fager's regroup analysis, and related the • 
distribution to hydrographic seasons. Ten recurrent groups 
were identified, and neritic groups were found to be rela-
tively more important during the Davidson and Upwelling • 
• 
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periods. The appearance of oceanic groups and species was 
seasonal and associated with advective effects. One neritic 
group was of overwhelming numerical importance, and major 
• changes in the population occurred among species from this 
group. Garrison suggested that this group is composed of 
indigenous species, which may be locally retained as vege-
• tative cells or benthic resting stages, and may be important 
as a seed population for the adjoining coast. 
Succession 
Seasonal cycles of abundance and successional 
changes are widely recognized events in regions which 
undergo distinct hydrographic changes (Margalef 1958, 62; 
Raymont 1967; Boney 1975). Margalef has proposed that in 
• 
such areas phytoplankton pass through a series of gener-
alized successional stages which are closely tied to 
hydrographic events. Stage I is typically represented 
• 
by blooms in nutrient-rich, generally upwelled waters . 
The population is characteristically composed of very 
small cells with a high rate of division, and low diversity. 
The second stage develops as nutrient levels 
decrease due to the reduced mixing of nutrients into the 
euphotic zone and increased utilization. The cells are 
larger, and have a lower maximal rate of increase. This 
6 
stage is characterized by a mixed community of diatoms 
with high diversity. 
Stage III develops as the water becomes more 
stratified, and nutrient concentrations drop to low levels 
in the surface layers. Few diatoms are present, and the 
community becomes dominated by dinoflagellate species. 
Upwelling episodes may push succession backwards, 
and in many areas, such as coastal upwelling zones, suc-
cession may rarely proceed beyond the second stage. The 
recognition and interpretation of successional patterns 
is often complicated by the local dynamics of mixing and 
circulation which tend to obscure these patterns. A 
natural heterogeneity in phytoplankton populations occurs, • 
and changes observed at a fixed geographical location 
result from advective processes as well as true succes-
sional changes (Margalef 1962). 
Classic studies of phytoplankton succession have 
taken place primarily in semi-enclosed embayments such as 
the ria of Vigo in Spain (Margalef 1958). The demonstrated 
hydrographic seasonality and semi-enclosed nature of 
Monterey Bay suggests that succession may occur within 
the bay, but no detailed time series which includes species • 
data has been available to verify this. It is hoped that 
the current study will provide sufficient detail to ade-
quately test this hypothesis. 
.. 
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.. Species Groups 
In another approach to the study of phytoplankton 
communities, attempts have been made to identify groups 
of species which occur together and frequently form a part 
of each other's biological environment. These species may 
be considered as forming a community, with presumably 
• 
similar ecological requirements. In fact a community may 
be defined as a "recurrent association" of species "with 
the proviso that the association is flexibly defined and 
• 
need only include a certain percentage of the species in 
order to qualify" (Valentine 1973). Species groups have 
been formed by a number of statistical methods, with the 
goal usually being to equate groups of associated species 
(or communities) with specific bodies of water. 
Principal components analysis has been used to 
identify groups of associated phytoplankton species in the 
North Sea (Ibanez 1972), off the Ivory Coast in the Atlantic 
Ocean (Dandonneau 1971; Reyssac and Roux 1972), and in the
.. 
upwelling region off the coast of Peru (Blasco 1971). 
Using an association matrix and principal components 
analysis, Dandonneau (1971) identified eight groups of 
species off the Ivory Coast. Groups I and II were present 
in all types of water; groups III and VII in recently up-
welled waters; and group IV in less recently upwelled water . 
• 
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Groups V and VI bloomed when there was land drainage, and 
group VIII occurred specifically in oligotrophic waters. 
Venrick (1971) successfully used the recurrent 
group analysis of Fager (1957) to identify associations 
of diatoms in four epipelagic environments of the North 
Pacific, and related the distribution of the groups to 
the physical habitat. Species associations were clas-
sified as neritic, subarctic, transition, and Central 
Pacific groups. She found that within conservative environ-
ments the species associations appear relatively permanent, 
but within non-conservative environments species associa-
tions redevelop each year, and their composition must 
depend upon the introduction of seed cells from adjacent 
environments. 
Recurrent group analysis has been successfully 
applied to other groups of North Pacific plankton (Fager 
and McGowan 1963; Kanaya and Koizumi 1966). Fager's tech-
nique is a particularly attractive method of grouping as 
it uses an index of affinity based upon presence and 
absence rather than abundance estimates, reducing the 
effect of sampling errors. 
An analysis of recurrent groups has not yet been 
applied to a time series of data taken from the west coast 
of North America. The data acquired in the present study 
is fairly complete, spanning a period of two years, and 
-
• 
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will allow not only the definition of groups, but also the 
opportunity to relate the annual cycle of species groups 
to hydrographic events during two consecutive years. 
Objectives 
The goal of the present study was to provide a more
-
complete description of the dynamics of the phytoplankton 
population of Monterey Bay than has previously been avail-
able. An integrated approach was used, with physical and 
chemical data collected simultaneously in an attempt to 
correlate biological changes with the physico-chemical 
environment. 
I begin with a description of the major oceano-
graphic features of the California Current system and 
Monterey Bay, Lncluding the temporal and spatial distribution 
of hydrographic parameters within the bay. Hydrographic 
parameters are then described and compared at two stations 
in Monterey Bay: station 3 over the submarine canyon and
• 
station lover the shallower shelf area in the south of the 
bay (Fig. 2). These stations were selected for study as 
previous work has shown them to be significantly different 
hydrographically (Smethie 1973; Broenkow and Smethie 1978) 
and this would afford the opportunity to examine spatial 
differences in species composition and cycles of abundance 
in the phytoplankton community. 
-
10 
With a knowledge of the physical environment, I 
then describe temporal changes in the phytoplankton popu-
lation at both the species level and at the "community" 
level by identifying recurrent species ~roups, and attempt 
to correlate the physical and biological processes. This 
will also allow me to determine how well the dynamics of 
Monterey Bay fit Margalef's model of species succession. 
Hydrography of Monterey Bay 
Monterey Bay is an open embayment on the central 
California coast approximately 16 kilometers wide and 37 
kilometers in length, located between 36 0 36' and 36 0 59' 
North latitude (Fig. 1). The bay is primarily a shallow 
water expanse, 80 percent of its area being at depths of 
less than 180 meters. However, the bay is unusual in that 
... 
it is bisected by the Monterey Submarine Canyon, the largest 
and deepest canyon found on the west coast of the United 
States, attaining depths of up to 900 meters at the mouth 
of the bay. The presence of this feature has a significant 
influence on conditions within the bay, as will be dis-
cussed later. 
.. 
The marine environment of the California coast and 
Monterey Bay is largely dominated by the California Current 
system. This system is the region of the wind-driven North 
.. 
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Figure 1. Monterey Bay, California. 
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Pacific gyral which flows southeasterly along the west 
-
coast of North America (Reid et al., 1958; Smith, 1968). 
The system includes the southeasterly flowing California 
Current, the deeper northwesterly flowing counter current, 
and related upwelling circulation. 
The California Current is a wide (1000 km), shallow 
(about 500 m), slow (about 25 em/sec) current which 
transports cool subarctic water of low salinity and high 
nutrients southward along the coast. As it travels south-
ward temperatures rise due to the effects of insolation and 
mixing, and nutrient levels drop as a result of biological 
activity. At about 25 degrees North latitude the current 
turns west to become the North Equatorial Current (Wooster 
and Reid, 1963). 
Underlying this current is a deep (below 200 m) 
counter-current which flows to the northwest along the 
coast from Baja California to some point beyond Cape Mendo-
cino. It brings warmer, more saline water great distances 
northward along the coast. When the North winds are weak 
or absent in late Fall and early Winter the counter-current 
surfaces shoreward of the main stream, often extending as 
far north as the Oregon coast (Reid and Schwartzlose, 1962). 
This surface manifestation of the counter-current is known 
as the Davidson Current (Schwartzlose, 1963). 
13 
The strong north and northwest winds occurring in
-
spring and summer cause surface water to be transported 
offshore under the influence of the Coriolis force. Cool, 
nutrient-rich subsurface water, probably from depths of 
less than 200 meters, rises to replace the water moved 
offshore. This process is known as wind-induced upwelling 
and is of major biological importance as a mechanism for 
returning nutrients to the photic zone. The high levels 
of primary productivity found along the west coasts of 
continents (Eastern Boundary Currents) occurs largely as 
a result of this process (Raymont, 1967). 
Hydrographic Seasons 
The seasonal hydrographic changes in Monterey Bay 
correspond to the seasonal changes in the California Cur-
rent system, and the typical annual cycle of the bay has 
been well documented. The original work was done by 
Skogsberg (1936) and confirmed in later studies (Skogsberg 
and Phelps, 1946; Bolin and Abbott, 1963; Abbott and Albee 
1967; Smethie 1973). Skogsberg divided the annual cycle 
into three hydrographic periods: the Davidson Current
• 
period, typically from November to February; an upwelling 
period, from February to September; and an oceanic period 
from September to November.
• 
• 
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During the Davidson period, the California 
Counter-current surfaces, and water from the south con-
verges against the coast and sinks. The onset of this 
period is marked by surface temperatures decreasing 
abruptly (about 1.8° C.) and being uniform throughout the 
bay. Temperatures are uniform to considerable depths, the 
difference between the surface and 50 meters being usually 
less than 1° C. Salinity is low (about 33.4 ppt) and vari-
able due to surface runoff and rain at this time of year. 
With the commencement of spring winds in February 
or March, upwelling begins to dominate the bay. Rising 
surface water causes isotherms to rise and surface tempera-
tures throughout the bay are at their lowest (11-12° C.). 
A well developed thermocline appears with a gradient of 3° 
C. or more in the upper 50 meters. Surface waters become 
more saline, and the concentration of nutrient ions is at 
its peak. Upwelling episodes may be sporadic during this 
period, and have been shown to be closely correlated with 
local wind patterns (Broenkow and Smethie 1978). 
With the relaxation of upwelling in late summer, 
the dense, previously upwelled water sinks, and offshore 
surface water flows onshore marking the beginning of the 
oceanic period. This water, derived primarily from the 
California Current, is warmer, and surface temperatures 
reach their annual maximum of about 16° C. during this 
-
• 
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• period. The temperature gradient remains greater than 3° 
C. in the upper 50 meters and surface temperatures may 
vary by more than 2 or 3 degrees over the bay. Nutrient 
concentrations are low at this time, and salinities 
decline slightly. 
The timing and intensity of these periods vary 
• from year to year, and the transitions are often poorly 
defined. Upwelling episodes may occur during any time of 
the year and tend to obscure the seasonal features. 
Smethie (1973) documented a period of unseasonal upwelling 
in December of 1971, and the absence of an oceanic period. 
All three seasons may not be apparent in a given year, and 
• the exact origin of the water is often difficult to deter-
mine. This vagueness of seasonality and the presence of 
often indistinct transitions between periods complicates 
the exact correlation of biological phenomena with hydro-
graphic events. The mixing of water of different types 
within the bay may also obscure the identity of phytoplank-
ton species with a particular water mass. This should be 
borne in mind when seeking correlations, but should not 
discourage attempts at elucidating these relationships. 
Horizontal Circulation 
From current meter studies and the horizontal 
distribution of physical and chemical parameters, Broenkow 
• 
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and Smethie (1978) have proposed a model for the general 
surface circulation of Monterey Bay. Upwelling occurs 
predominantly along the coast south of the bay, and the 
effects of recent upwelling are observed within the bay 
due to a general northerly flow. Water generally enters 
Monterey Bay from the south around Point Pinos (Fig. 2), 
and flows northward parallel to the coast, exiting the 
bay near Point Santa Cruz to the north. A nearshore 
residence time of approximately six days has been suggested 
(Smethie 1973; Broenkow and Smethie 1978). 
Surface water undergoes significant physical and 
chemical changes during transit through the bay. Surface 
temperatures have been observed to rise due to insolation, 
while a decline in nutrient levels and increases in dis-
solved oxygen concentration occur as a result of biological 
activity (Lasley 1977). 
Monterey Submarine Canyon has been found to have 
a significant effect on the hydrography of the bay. 
Localized upwelling has been observed near the head of 
the canyon and has been attributed to the effects of in-
ternal tidal mixing (Broenkow and McKain 1975; Broenkow 
and Smethie 1978). Smethie (1973) has suggested that 
during upwelling water may flow shoreward in the central 
portion of the bay over the submarine canyon, and diverge 
into clockwise and counter-clockwise branches that flow 
17 
• into the southern and northern bights respectively, forming 
localized eddies near the ends of the bay. Smethie found 
the surface waters over the canyon characterized by low 
temperatures, high nutrients, and high AOU (apparent oxygen 
utilization) values while the shelf areas exhibited higher 
temperatures (1_3° C.), lower nutrient concentrations and 
AOU values as a result of biological activity. Markedly 
higher levels of chlorophyll ~ have been found in the shelf 
areas, and Waidelich (1976) has described the physical and 
• chemical factors accounting for this increase . 
• 
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METHODS 
Phytoplankton and hydrographic samples were 
collected simultaneously on bi-weekly cruises by personnel 
at the Moss Landing Marine Laboratories and the Coastal 
Marine Laboratories of V.C. Santa Cruz in Monterey Bay. 
These data were collected from 21 July 1974 through 8 June 
1976 as part of a sampling program sponsored by the Cali-
fornia Cooperative Oceanic Fisheries Investigations (CaICOFI). 
Many of the data resulting from this study have already been • 
published as data reports (Broenkow et al. 1975, 1976; 
Silver and DavolI 1975, 1976). 
During the study seven stations were occupied at • 
bi-weekly intervals at the locations and dates shown in 
Figure 2 and Tables 1 and 2. However the bulk of the data 
used in this report were collected from only two of these 
stations: Station 1, located near Point Pinos at the south 
of the bay 36 0 37.6' N., 121 0 53.6' W., at 46 meters depth; 
and Station 3, near the mouth of the bay at a depth of 988 • 
meters, 36 0 46.7' N., 122 0 01.2' W. These two stations 
were originated by the personnel of the Hopkins Marine 
Station and have been in existence for over twenty years. 
They have been labeled variously as 2201, 2203 and H1, H3 
in other publications. The position of Station 3 was 
19 
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Table 1 
CalCOFI STATION LOCATIONS 
Depth
Number Latitude N. Longitude S. (m) 
2201 36°37.6' 121°53.7 1 46 
2202 36°41. 21 121°57.9 1 104 
2203 36°46.7 1 122°01.3 1 988 
2204 36°50.9' 122°01.6 1 82 .. 
2205 36°55.8' 122°00.7 1 26 
1121 36°37.6 1 121°51.5 1 18 
1154 36°55.2 1 121°52.8 1 16 .. 
... 
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Table 2 
CalCOFI CRUISE NUMBERS AND DATES 
.. 
Cruise Number Date Stations Cruise Number Date Stations 
1 20 Jul 74 1,3 23 1 Jul 75 3 
• 2 3 Aug 74 1,3 24 22 Jul 75 1,3 
3 23 Aug 74 1 25 12 Aug 75 1,3 
4 30 Aug 74 1,3 26 25 Aug 75 1,3 
5 13 Sep 74 1,3 27 8 Sep 75 1;3 
6 29 Sep 74 1,3 28 22 Sep 75 i,3 
7 12 Oct 74 1,3 29 6 Oct 75 1,3 
8 25 Oct 74 1,3 30 20 Oct 75 1,3 
9 23 Nov 74 1,3 31 3 Nov 75 1,3 
10 7 Dec 74 1,3 32 17 Nov 75 1,3 
11 19 Dec 74 3 33 1 Dec 75 1,3 
12 4 Jan 75 1,3 34 15 Dec 75 1,3 
13 18 Jan 75 1,3 35 6 Jan 76 1,3 
14 4 Feb 75 36 20 Jan 76 1,3 
15 20 Feb 75 1,3 37 3 Feb 76 1,3 
16 28 Feb 75 1,3 38 9 Mar 76 1,3 
.. 
17 24 Mar 75 39 30 Mar 76 1,3 
18 18 Apr 75 1,3 40 20 Apr 76 1,3 
19 29 Apr 75 1,3 41 4 May 76 1,3 
20 18 May 75 1 42 
21 3 Jun 75 1,3 43 25 May 76 1,3 
22 16 Jun 75 1,3 44 8 Jun 76 1,3 
• 
.. 
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determined using radar ranges and fathometer with an 
accuracy of approximately ±0.5 nautical miles. Station 1 
is marked by a permanent buoy. Both stations were occupied 
within four hours of each other, and all stations were 
sampled at night to accommodate other research activities. 
The hydrographic data presented in this report 
were taken from previously published data reports (Broenkow 
et al. 1975, 1976) and details of the methods may be found 
in these publications. All nutrient values are represented 
as 20 meter mean values, arrived at by trapezoidal integra-
tion. It was felt that this method was the most representa-
tive of the nutrient environment of the phytoplankton cells 
as it approximates the depth to which the net sampled and • 
overcomes some of the bias encountered when sampling through 
the thermocline. 
Chlorophyll a 
Phytoplankton biomass was estimated using the 
fluorometric method outlined by Strickland and Parsons (1972). 
Fluorescence intensity is proportional to the concentration 
of photosynthetic pigments, primarily chlorophyll~. This 
technique has become very widely used for the estimation of 
biomass of marine primary producers because of its sensi-
tivity and the ease of making the measurement (Nat. Acad. 
23 
Sci., 1969). This analysis was performed by personnel of 
the Coastal Marine Laboratories at D.C. Santa Cruz and 
details of the method used are given by Silver and DavolI 
(1975, 1976). 
Phytoplankton Collection and Enumeration 
Although counts based upon cells sedimented from 
known volumes of water (Boney 1975; Guillard and Kilham 
1977) have the advantage of giving at once relative abun-
• 
dances and absolute cell concentrations, it was felt that 
little information would be lost, and much time saved by 
using net-collected samples and obtaining only relative 
species abundances. The concentration of chlorophyll ~ 
should be a good indicator of absolute abundance of netplank-
ton since in the Califor.nia Current System and Monterey Bay, 
changes in chlorophyll concentration reflect primarily 
changes in the netplankton while nannoplankton levels 
remain nearly constant (Malone 1971; Garrison 1976). The 
terms "nannoplankton" and "netplankton" refer to two com-
monly recognized size classes into which phytoplankton may 
be divided. Cells with a diameter greater than 20 micro-
• 
meters are generally retained by fine mesh nets (aperture 
size 20 to 70 micrometers) and are referred to as "netplank-
ton." Those cells which escape, primarily small flagel-
lated forms, are termed "nannoplankton." 
• 
.. 
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Vertical phytoplankton hauls were made on station .. 
from a depth of 15 meters with a i-meter diameter, 10-
micrometer mesh net, giving an integrated representation 
of the netplankton and some nannoplankton species present 
to that depth. Samples were immediately preserved in 40 
percent buffered formalin and stored for later study. 
Subsamples of these were drawn and counted and cells of 
greater than 20 pm diameter were identified to species 
by the author. 
The identification of diatoms is based largely upon 
fine details of the silica frustules, many of which are not 
apparent in water mounts. These details may be revealed by 
oxidizing the sample to remove organic material in and 
around the frustules and mounting in a resin of high refrac-
tive index such as Hyrax or Pleurax. Permanent mounts were 
made of all samples, from which identifications could be 
made prior to counting the actual sample. Cell counts could 
not be made directly from the permanent slides, as compari-
sons with the original samples in water mounts revealed 
that some cells were lost 6r destroyed in the mounting 
process. The method used to prepare the cell mounts was a 
modification of the method of Hasle and Fryxell (1970). 
Actual cell counts and further identifications 
were made from a few drops of sample placed on a microscope 
slide with slip cover and examined at 400x magnification 
25 
- with a Nikon compound microscope. Random transects were 
taken on each slide until approximately 200 cells were 
identified and counted. Four subsamples were drawn and 
counted until about 800 cells were counted from each sample. 
This method was found effective as generally very few new 
species were encountered on the last subsample. If more 
than two or three new species were encountered on the fourth 
subsample, additional counts were made. Cell counts ranged 
between 500 and 1200 cells. Forty-three samples were 
enumerated from each station for a total of 86 samples. 
Species were determined according to Cupp (1943), 
Lebour (1925, 1930), Schiller (1933, 1937), and Henqy (1964). 
, 
Line drawings were made to aid in the identifications and 
for future reference. Cells which could not be identified 
to species were drawn and labelled by genus plus a letter, 
i.e. Chaetoceros sp. A. 
Recurrent Group Analysis 
.. 
To determine objectively which species occurred 
together as a group an analysis of recurrent groups was 
applied using the equations of Fager (1957). In this 
analysis an index of affinity, aab' is calculated for each 
species pair: 
o. 
.. 
= 
• 
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where N and Nb are the total occurrences of species aa 
and b, and Jab is the number of joint occurrences, and 
Nb ~ Na . Since this index of affinity is based upon 
presence and absence rather than abundance estimates, the 
effect of sampling errors is greatly reduced. Pairs of 
species for which aab ~ .50 were considered to show a 
positive affinity for each other. Species were then 
arranged into the largest possible groups within which all 
species pairs showed positive affinity. Species that were 
'.. 
not assigned to a group but showed positive affinitles 
with species within one or more groups were considered 
associates of those groups. 
A total of 219 taxa were included in the analysis, 
and species from both stations were pooled. A recurrent 
species group was considered to be present in the plankton 
when two-thirds or more of the species defining the group 
were present. 
• 
27 
RESULTS 
Hydrographic parameters at both stations followed 
similar temporal variations. Significant differences 
which occurred were more a function of absolute values 
than the timing of events. Compared to station 3, surface 
temperatures averaged 1° C. higher at station 1, although 
at a depth of 30 meters temperatures were much the same 
(Fig. 3). Salinity values were almost identical, which 
suggests that water at both stations is of similar origin. 
The nutrient ions nitrate, phosphate, and silicate (Fig. 4) 
were all 'lower, and chlorophyll ~ and oxygen levels (Fig. 
5) higher at station 1 than at station 3. This suggests 
that the water at.station 1 has been at the surface for a 
longer period of time, during which insolation has caused 
the temperature to rise. Biological activity (phytoplank-
ton growth) probably also depleted nutrients somewhat, as 
evidenced by the higher standing stocks and oxygen levels 
found at station 1. Surface waters at station 1 are most 
likely the product of upwelling along the Big Sur coast to 
the south, and horizontal advection northward along the 
shore and into the bay. Water at station 3 has probably 
been more recently brought to the surface and partially 
mixed with the surrounding waters. 
28 
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Figure 3. A. Temperature at the surface and at 30 meters 
depth at station 1. 
B. Temperature at the surface and at 30 meters 
depth at station 3. 
c. Mean salinity values for the upper 20 meters, 
determined by trapezoidal integration, at 
stations 1 and 3. 
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Figure 4. 20 meter mean values for nitrate, phosphate, 
and silicate at stations 1 and 3. 
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Figure 5. A. 20 meter mean values for chlorophyll a in 
milligrams/cubic meter at station 1. 
B. 20 meter mean values for chlorophyll a in 
milligrams/cubic meter at station 3. 
c.  20 meter mean values for oxygen in milli-
liters/liter at stations 1 and 3. 
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Hydrographic Periods 
Major hydrographic periods were determined from the 
• 
distributions of temperature and salinity in Monterey Bay 
using the same criterion as previous workers (Bolin and 
Abbott 1963; Smethie 1973). The timing of these periods as 
• 
well as average values for selected hydrographic parameters 
are presented in Tables 3 and 4. 
At the beginning of the study in July of 1974, the 
end of the upwelling period is evidenced by rising surface 
temperatures, declining salinities, and the development of 
a strong thermal gradient due to the intrusion of oceanic 
• 
water (Figures 3 and 6). This warming effect was felt more 
strongly at station 1 and other stations throughout the bay 
(Broenkow et al. 1975, 1976) than at station 3 where temper-
atures remained somewhat depressed until early October. The 
highest surface temperature of the two-year study period was 
found at station 1 (16.23 0 C.) at this time, and nitrates 
were found in low levels. A brief period of upwelling 
occurred during September, with rising salinities, decreas-
ing surface temperatures and a weak thermal gradient. At 
• 
the beginning of October surface temperatures again began to 
rise as upwelling slackened and isotherms deepened as low 
salinity oceanic waters again flooded the bay. I consider 
this to be the Oceanic period from early August (cruise 2) 
through mid October (cruise 7). 
RANGE 
Table 3 
AND AVERAGE VALUES FOR SELECTED PARAMETERS 
BY HYDROGRAPHIC PERIOD 
STATION 1 
Hydrographic Periods 
Dates 
Temperature 
C 
Sal ini ty 
ppt 
Nitrate Phosphate 
microgram - atoms / 
Silicate 
liter 
Chlor a 
mg/1 
Oceanic 1974 
3 Aug - 12 Oct 74 
11.1-15.7 
14.0 
33.53-.72 
33.63 
0.6-13.7 
5.2 
0.57-1.64 
0.9 
5-17 
9 
1.5-6.2 
3.1 
Davidson 1974-75 
25 Oct 74 - 18 Jan 75 
10.9-14.9 
12.5 
33.47-.61 
33.55 
0.4-10.8 
6.0 
0.52-1.00 
0.9 
5-12 
9 
0.3-10.2 
3.3 
Upwe 11 i ng 1975 
4 Feb - 22 Jul 75 
- - - - - - - - - - - -
10.7-13.9 
11.9 
- - - - - - -
33.20-.85 
33.59 
- - - - - -
1.2-11.5 
5.9 
- - ~  - - -
0.33-1.22 
0.7 
- - - - - -
1-23 
10 
- - - - - -
1.1-11.9 
6.5 
- - - - - LA.> 
N 
Oceanic 1975 
12 Aug - 3 Nov 75 
11.4-13.3 
12.3 
33.56-.89 
33.72 
5.1-12.4 
8.0 
0.58-1. 25 
0.9 
5-15 
11 
0.0-4.4 
2.6 
Davidson 1975-76 
17 Nov 75 - 9 Mar 76 
10.2-11.9 
11.1 
33.57-.71 
33.64 
1.7-14.9 
8.9 
0.33-1.38 
0.8 
7-21 
13 
1. 4-6. 2 
2.7 
Upwelling 1976 
30 Mar - 8 Jun 76 
10.4-11.8 
11.0 
33.74-.96 
33.83 
4.4-16.4 
10.8 
0.39-1. 30 
0.9 
5-25 
13 
1.5-12.9 
7.8 
• , , 
t , , , , , , ,•
, , 
Table 4 
RANGE AND AVERAGE VALUES FOR SELECTED PARAMETERS 
BY HYDROGRAPHIC PERIOD 
STATION 3 
Hydrographic Periods Temperature Salinity Nitrate Phosphate Silicate Chlor a 
Dates C ppt microgram - atoms / liter mg/l 
Oceanic 1974 11.7-14.1 33.55-.75 1.4-10.2 0.57-1.22 2-19 0.8-6.5 
3 Aug - 12 Oct 74 12.7 33.64 6.7 0.9 11 2.7 
Davidson 1974-75 11.1-15.3 33.50-.60 0.9-15.4 0.37-1. 04 4-13 0.4-1.6 
25 Oct 74 - 18 Jan 75 12.5 33.55 5.9 0.8 8 1.0 
Upwelling 1975 9.9-13.4 33.29-.77 5.9-22.6 0.48-1. 90 8-24 0.2-6.5 
4 Feb - 22 Jul 75 11. 3 33.59 10.2 1.0 13 2.0 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
w
w 
Oceanic 1975 11.5-13.7 33.59-.83 6.5-13.0 0.51-0.96 5-21 0.2-1.5 
12 Aug - 3 Nov 75 12.7 33.70 8.2 0.7 10 0.7 
Davidson 1975-76 10.1-11.7 33.49-.75 8.1-17.1 0.50-1.28 10-20 0.4-2.6 
17 Nov 75 - 9 Mar 76 11. 0 33.65 12.3 1.0 14 1.0 
Upwelling 1976 9.4-10.6 33.74-.94 8.4-27.1 1. 02-1. 90 13-42 0.4-1.0 
30 Mar - 8 Jun 76 10.1 33.84 17.1 1.5 24 0.7 
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Figure 6. A. Vertical distribution of temperature at 
station 3. The area between the 11 and 12 
degree isotherms has been shaded as a 
visual aid.  ., 
B. Vertical distribution of nitrate at station 
3. The area between the 5 and 10 ug-atj 
liter isopleth has been shaded as a visual 
aid. 
c.  20 meter mean values of temperature and 
salinity at station 3. 
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The onset of the Davidson Current period near the 
end of October was much more abrupt and clearly defined as 
surface temperatures dropped precipitously at both stations. 
-
A weak thermal gradient in the upper 100 meters and low 
salinities distinguished this drop in surface temperature 
from an upwelling event. These general conditions prevailed 
-
until about the middle of January 1975 (cruise 13), when 
the spring winds brought on the beginning of the Upwelling 
period. 
• Upwelling was evident from mid-January 1975, with 
rising isotherms, and increasing surface salinities, until 
the beginning of June (cruise 21) when surface temperatures 
began to rise abruptly. Temperatures remained warm for 
about two weeks, and again dipped as upwelling began again 
and continued until the middle of July (cruise 24). 
The Oceanic period of this second study year was 
rather poorly defined, with alternating pulses of cold 
upwelled water and warmer oceanic water occurring from 
• late July (cruise 24) through October (cruise 31). 
The transition from the Oceanic to the Davidson 
Current period in November 1975 was abrupt and well defined. 
• Surface temperatures and salinities dropped sharply with 
only a very weak thermal gradient in the upper 50 meters. 
These conditions persisted from the beginning of November 
• (cruise 31) until the beginning of March (cruise 38). 
• 
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The beginning of an Upwelling period was evident 
on 9 March 1976 with abruptly rising isotherms and increas-
ing salinities. This cool upwelled water remained at the 
surface of the bay through the end of the study on 
8 June 1976. 
Nutrients 
Inorganic nutrient ion concentrations experienced 
marked changes that were related to hydrographic events 
and phytoplankton biomass (Tables 3 and 4; Figs. 4, 5, 6). 
During upwelling periods high concentrations of nutrients 
were found in the surface waters as a result of the upward 
• 
movement of subsurface water. During both study years the 
maximum nutrient concentrations corresponded to peak up-
welling periods as nitrate isopleths rose and fell in unison 
with the isotherms (Fig. 6). 
During non-upwelling periods, active transport of 
nutrients to the surface layer ceases, and concentrations 
drop in response to uptake and utilization by phytoplank-
ton. Offshore- water that enters Monterey Bay during Oceanic 
periods is generally very low in inorganic nutrients (Bolin 
and Abbott 1963; Smethie 1973). Minimum values of nitrate 
and phosphate corresponded well with non-upwelling periods, 
and generally occurred during the Oceanic period. 
37 
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• 
The consistently higher nutrient concentrations at 
station 3 during upwelling periods is consistent with 
thermal data in suggesting that the surface waters at this 
station have been more recently brought to the surface by 
upwelling processes. Nutrient levels were higher at sta-
tion 1 than at station 3 only during non-upwelling periods, 
which would be expected if offshore water entered the bay 
in a shoreward direction. It would first become evident 
at station 3 (the more offshore) and later at station 1. 
Although both years of this study showed a rise 
and fall of nutrient concentrations tied to upwelling 
events, higher nutrient concentrations occurred throughout 
the second year. Nitrates dropped to below the 5 ug-atjl 
level for only Ii months during the second year, compared 
to 7 months the first year. This is evidence for greater 
upwelling activity during the second study year, which is 
supported by the lower temperatures already discussed. 
Hydrographic parameters for both years of the study 
exhibited similar seasonal trends. Temperatures were 
warmest during late summer and fall, and coolest during 
the winter and spring. Nutrients and salinity followed 
a similar pattern, being lower during the summer and fall, 
and highest in the winter and spring. All of the parameters 
appeared to be closely tied to the seasonal upwelling 
activity. 
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The second year, however, was much cooler than the 
first. At station 3 surface temperatures during the first 
year dropped below 11° C. during only one month (May), 
while during the second year temperatures were below 11° C. 
for almost five months. These cool temperatures during the 
second year are presumably the result of increased upwell-
ing activity, a hypothesis supported by the higher nutrient • 
and salinity values found during this period. 
Phytoplankton Standing Stocks 
The annual cycle of phytoplankton abundance 
displayed a definite seasonality, and was closely related 
to hydrographic conditions. Station 1 showed consistently 
greater biomass (chlorophyll ~) than station 3 (Fig. 5). 
Maximum development of plant biomass generally occurred 
during periods of upwelling, with peak average values of 
13 mg/m 3 of chlorophyll ~ in the upper 20 meters at station 
1. Minimum values coincided with non-upwelling periods. 
• 
During the Davidson Current period of 1974 to 1975 mean 
values at station 1 dropped to 0.3 mg/m 3 on 4 January 1975, 
and during the transition of the Oceanic to Davidson Cur-
rent periods in October 1975 when levels were almost 
undetectable (0.04 mg/m ). 
One notable exception to this pattern occurred at 
the beginning of the Davidson Current period in 1974, a 
39 
period of typically low nutrient and chlorophyll ~ values. 
On October 25 (cruise 8), 20-meter average chlorophyll ~ 
values climbed to a peak of 10.2 mg/m 3 at station 1, while 
nutrient ions approached zero concentration. This apparent 
anomaly was caused by a bloom of the "Red Tide" organism 
GonyauZax poZyedra, a dinoflagellate wh~ch was observed to 
-
occur from mid October to mid December of 1974 (cruises 7 
to 11) at both stations. This group of organisms (dino-
flagellates) is well known for its ability to tolerate low 
.. 
levels of nutrients . 
Species Succession 
A total of 218 phytoplankton species were identified 
in the course of this study. Of these, 138 were diatoms, 
77 were dinoflagellates, 2 were chrysophytes, and one was 
a haptophyte. A complete list of these species appears in 
the Appendix, along with the maximum relative abundance (% 
of total) of each . 
.. Definite cyclic changes in species composition were 
found to occur in response to seasonal hydrographic events. 
Figures 7 and 8 show the relative abundance of the 16 most 
• abundant species, in relation to the hydrographic seasons. 
The beginning of the study marked the end of an 
Upwelling period, with temperatures beginning to rise, and 
.. 
.. 
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Figures 7A & B. Relative abundance of numerically impor-
tant species at station 1, expressed as 
a percentage of the total population. 
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nutrients on the decline. The phytoplankton population at 
this time was strongly dominated by a single diatom species, 
Nitzschia pungens var. atlanticus, which accounted for 70% 
of the cell numbers. 
With the beginning of the Oceanic period, this 
species was reduced to low numbers, and a strong dominance 
structure developed, with Chaetoceros radicans, previously 
present in low numbers, accounting for up to 84 percent of 
the population. A brief pulse of upwelling occurred dur-
ing the middle of this period (cruises 4 and 5), during 
which another member of this important genus, C. debilis, 
became dominant. As the pulse of upwelling subsided and 
temperatures began to rise, C. radicans returned to 
dominance. 
The hydrographically well marked transition from 
Oceanic to Davidson period conditions brought a dramatic 
change in the character of the phytoplankton. The pre-
viously dominant diatom species dropped out almost completely, 
as a nearly unialgal bloom of the dinoflagellate Gonyaulax 
polyedra strongly dominated the entire period. 
As upwelling conditions returned in mid January 1975, 
diatoms again dominated the population. A succession of 
dominants occurred within this period, with Thalassiosira 
aestivalis present in high numbers at the beginning, and 
Skeletonema costatum, Chaetoceros debilis, and C. radicans 
-
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successively becoming the more numerically important 
-
species. 
The Oceanic period of the second year, beginning 
late in July 1975, exhibited a successional pattern similar 
to that of the previous year. Chaetoceros radicans and C. 
debilis were both numerically important species at the 
beginning of the period, with C. constrictus and Eucampia 
• zoodiacus gaining more importance later on. The three 
species of Nitzschia, which had remained in very low numbers 
during the previous two periods, reached their maximum 
• development during this period, and extended into the fol-
lowing Davidson period. During the middle of this second 
Davidson period, Skeletonema costatum again became a 
• numerically important species. Near the end of the period, 
however, two dinoflagellate species, Peridinium trochoideum 
and Gymnodinium splendens accounted for a large percentage 
• of the population. 
The onset of the Upwelling period in early March, 
1976 saw the return of diatoms to dominance, with Skeleton-
• ema costatum numerically the most important at both stations. 
At station 1, Chaetoceros debilis and C. constrictus also 
attained high numbers. 
The pattern of succession was similar during both 
years. The Oceanic period was dominated by the diatom 
species Chaetoceros radicans and C. debilis, with Eucampia 
• zoodiacus also a major contributor. Nitzschia species were 
46 
•also numerically important during the middle of this period 
and the beginning of the Davidson period. The Davidson 
period saw a change from a population of primarily diatom 
species to one dominated by dinoflagellates. The Davidson 
period of 1974-75 displayed the most dramatic change, as a 
single dinoflagellate species, Gonyaulax polyedra, strongly 
dominated from the onset of the period. The transition 
from diatoms to dinoflagellates during the Davidson period 
of the second year (1975-76) was not as dramatic. Diatom 
species were conspicuous until about mid-period, when a 
mixture of several dinoflagellate species again dominated 
the population. The Upwelling period was also fairly 
consistent, with Skeletonema costatum reaching maximum 
development in this period during both years, Chaetoceros 
radicans and C. debilis, the typical dominants of the 
Oceanic period, were also important at times during this 
period. 
Both stations showed similar cycles of species 
abundance, with significant differences occurring only 
occasionally. On a few occasions, species were found in 
high numbers at only one station. One such species was 
the diatom, Achnanthes longipes, which dominated the popula-
tion at station 3 on two occasions but was almost completely 
absent at station 1 (Figs. 7 and 8). Chaetoceros debilis 
was found to be a dominant at station 1 during the 
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Upwelling period of 1976, but occurred in low numbers only 
once during the same period at station 3. More commonly, 
a species would occur in much greater numbers at one 
station than the other. SkeZetonema costatum, for example, 
attained high numbers at station 1 during the Davidson 
period of the second year, but remained at only moderate 
concentrations at station 3. Many of the differences 
observed, however, may be accounted for by sampling prob-
lems resulting from the known "patchy" distribution of 
phytoplankton (Venrick 1972; Trent et al. 1978), and 
sampling problems associated with internal waves (Kamy-
kowsky 1973) . 
.. 
Relative Abundance of Dominant Species 
In addition to consideration of the phytoplankton 
.. 
as a whole, it is of some interest from an autecological 
standpoint to follow cycles of relative abundance of 
individual species. The following is a description of 
.. 
the sixteen most abundant species encountered and the 
hydrographic conditions accompanying their periods of 
peak abundance. 
SkeZetonema costatum: 
This cosmopolitan species found its period of 
.. maximum abundance during the Upwelling period of both 
.. 
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years, and was one of the dominant species during this 
period. This season of abundance agrees well with the 
February through April period reported by Cupp (1943) for 
the West Coast in general, and by previous workers in Mon-
terey Bay (Bigelow and Leslie 1930; Bolin and Abbott 1963). 
Aside from being a major dominant species, Skeletonema 
costatum was also found to be one of the most persistent • 
species, occurring in low numbers throughout much of the 
remainder of the year. 
Chaetoceros debilis: 
Chaetoceros is by far the most important genus in 
terms of abundance of species and numbers of cells in the 
temperate and subtropical eastern Pacific waters (Allen 
1928; Cupp 1943). Indeed, Bolin and Abbott (1963) found 
this genus of diatom to average about 50 percent of the 
catch of phytoplankton collected during a 7-year study of 
Monterey Bay. The cold-water species, Chaetoceros debilis, 
is considered to be probably the most abundant species off 
California, and indeed proved to be a major dominant in 
this study. The period of maximum development occurred 
during the Oceanic period during both years, although C. 
debilis was also well developed at times during The Upwell-
ing period. This finding is consistent with the spring 
and fall seasonal abundance reported by Cupp (1943) for 
• 
the West Coast. 
• 
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Chaetoceros radicans: 
This neritic, north temporate species was one of 
the more prominent members of the phytoplankton community, 
with periods of maximum abundance closely tied with C. 
debilis, as discussed above. Maximum development occurred 
both years during the Oceanic period, although C. radicans 
was also of major importance during the Upwelling period 
of 1975. This species, however, was present in only small 
numbers during the Upwelling period at the end of the study. 
Chaetoceros constrictus: 
Another cold-water species of this important genus, 
Chaetoceros constrictus also displayed a preference for the 
Oceanic and Upwelling periods, being absent almost entirely 
during the Davidson period. C. constrictus never reached 
the degree of dominance attained by C. debilis or C. radi-
cans. This species may be considered synonomous with C. 
vanheurki (Gran), as the two species may be distinguished 
only by fine details of the resting spore, which were not 
always present. This author chooses to call the species 
C. constrictus, as it is more descriptive of the shape of 
the cell. 
Thalassiosira aestivalis: 
T. aestivalis displayed no real affinity for water 
type, being present throughout the year, but generally in 
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low numbers. This species was present in high numbers 
only once, at the transition from the Davidson to Upwell-
ing periods of the first year. 
ThaZassionema nitzschioides: 
This wide-ranging species was likely to be found 
in low numbers the year round. Maximum development occurred 
at station 1 during the first year at the transition of the 
Upwelling to Oceanic periods. 
Eucampia zoodiacus: 
This widely distributed south temporate species may 
be found along the California coast year round (Allen 1938; 
Cupp 1943). Bolin and Abbott (1963) report greatest devel-
opment during the spring months in Monterey Bay, which is 
consistent with the general occurrence along the coast. 
During this study, however, E. zoodiacus was most abundant 
during the fall months, especially during the warmer 
Oceanic period. This may not be inconsistent with a prefer-
ence for cooler water, as the occurrence during the first 
Oceanic period occurred during a pulse of upwelled water, 
and the Oceanic period of the second year was much cooler 
than the first. 
Achnanthes Zongipes: 
A. Zongipes is a chiefly littoral diatom species, 
but is frequently encountered in plankton collections. 
-
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This species never occurred in significant numbers at 
-
station 1, but dominated the phytoplankton at station 3 
on two occasions. A. Zongipes accounted for 49% of the 
cell count near the end of the Upwelling period (cruise 
21), in early June, 1975; and 62% during the middle of the 
Oceanic period in late August of the same year (cruise 26). 
These two occurrences coincided with brief pulses of warm, 
nutrient-poor oceanic water, and disappeared as upwelling 
returned. It seems odd that a predominantly littoral 
species would be found to dominate the net plankton at a 
station some ten miles distant from land, and that it would 
be absent entirely from a station but one-half mile from 
the shore, sampled almost simultaneously. This could be 
merely an artifact of patchiness, or it is possible that 
this often epiphytic diatom was scraped from the hull of 
• 
the ship by the collecting net as it was brought to the 
surface. At the time of collection surface weather was 
calm during both occurrences, but this possibility cannot 
• 
be ruled out. 
Nitzschia pungens var. atZantica, 
N. seriata, and N. pacifica: 
• 
These three diatom species will be treated more or 
less as a group. Their pattern of occurrence is quite 
similar, and they are difficult to separate taxonomically. 
• 
It is a commonly recognized problem that at times it is 
• 
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virtually impossible to distinguish among these species. 
N. pungens was present in relatively low numbers during 
most of the year, but was most developed during the warmer 
Oceanic and Davidson periods of 1975-76. At the very 
beginning of the study, the end of an Upwelling period, 
this species numerically dominated the phytoplankton at 
both stations. Nitzschia seriata showed a pattern of 
abundance similar to N. pungens, being present in small 
numbers for much of the year, but favoring the warmer 
Davidson and Oceanic periods. The distribution of 
Nitzschia pacifica was similar to that of the other members 
of this genus except that it was more likely to be found 
during Upwelling periods. 
GonyauZax poZyedra: 
The dramatic bloom of this "red-tide" dinoflagellate 
during the Davidson period of 1974-75 was an unusual occur-
rence for Monterey Bay. Red-tide blooms, though common off 
Southern California (Holmes, et al. 1967), are less common 
along the central California coast. The last documented 
red-tide in Monterey Bay occurred during the Davidson 
period (October 1971), and was dominated by the genera 
Gonyaulax and Ceratium (Waidelich 1976). Though members 
of the genus Gonyaulax are often present in Monterey Bay, 
Bolin and Abbott (1963) found that the relative abundance 
• 
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of this genus never exceeded 1 percent from 1954 to 1960. 
-
The bloom of G. polyedra began suddenly with the 
onset of the Davidson period when surface temperatures at 
both stations were above 15° C. and nutrient levels were 
- low in the upper layers of the water column. G. polyedra 
continued to dominate as surface temperatures slowly 
declined and nutrient levels remained low. As temperatures 
dropped, and nutrients increased with the commencement of 
upwelling, the bloom terminated abruptly. The strong asso-
ciation of this organism with Davidson (counter-current) 
water is not surprising, as this current flows northward 
from the southern California coast, where G. polyedra is 
a common red-tide organism (Holmes et al., 1976). It is 
interesting to note that the previously documented red-tide 
of 1963 occurred during February, when the Davidson Current 
is likely to be well developed. It is curious that the ban 
on shellfish collection ends in November--the most likely 
period for a toxic red-tide. 
Thalassiosira decipiens: 
This diatom was not commonly associated with water 
type, but was most developed during the Davidson period of 
1975-76. T. decipiens was always found in low numbers 
during the Upwelling season. 
-
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Peridinium trochoideum: 
This species was the most commonly found dino-
flagellate in this study. P. trochoideum was strongly 
associated with Davidson and Oceanic period water, and 
was rarely found during upwelling conditions. 
Asterionella japonica: 
This cosmopolitan species was found sporadically 
throughout the year, with peak development during Upwell-
ing periods. 
Gymnodinium splendens: 
As with Gonyaulax polyedra, this dinoflagellate 
species had only one major occurrence, during the Davidson 
period. Gymnodinium splendens attained its highest rela-
tive abundance during the second study year as warm, low 
nutrient, high salinity water flooded the bay, depressing 
the isotherms. This species disappeared from the bay 
entirely as temperatures again declined with the commence-
ment of the Upwelling season. 
Recurrent Species Groups 
Recurrent group analysis was run on 131 species 
considered to be numerically the most important. Twelve 
recurrent groups with their associated species were iden-
tified (Tables 5 and 6). Five of the groups (1, 2, 5, 10, 
-
RECURRENT 
Neritic Groups: 
Group 1 
• 
Chaetoceros debilis 
Chaetoceros radicans 
Chaetoceros constrictus 
Chaetoceros decipiens
Chaetoceros didymus
• Chaetoceros concavicornis 
Skeletonema costatum 
Nitzschia seriata 
Nitzschia pungens 
Nitzschia pacifica 
Nitzschia longissima 
Eucampia zoodiacus
- Thalassionema nitzschioides 
Ditylum brightwellii 
Thalassiosira aestivalis 
Rhizosolenia stolterfothii 
Schroderella delicatula 
Distephanus speculum 
Associates: 
Thalassiosira gravida 
Thalassiosira rotula 
Achnanthes longipes 
Group 1Q 
Actinoptychus splendens 
Coscinodiscus curvatulus 
-
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Table 5 
SPECIES GROUPS 
Group £ 
Actinoptychus undulatus 
Coscinodiscus excentricus 
Thalassiosira decipiens 
Peridinium trochoideum 
Associates: 
Thalassiosira nordenskioldii 
Nitzschia closterium 
Rhizosolenia delicatula 
Navicula distans 
Pleurosigma normanii 
Ceratulina bergonii 
Group i 
Chaetoceros compressus 
Chaetoceros lorenzianus 
Asterionella japonica 
Associates: 
Chaetoceros curvisetus 
Leptocylindrus danicus 
Group 1£ 
Biddulphia longicruris
Coscinosira polychorda 
• 
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Table 6 
RECURRENT SPECIES GROUPS 
Oceani c Groups: 
Group 1 Group .§. 
Gonyaulax polyedra 
Cera ti urn furca 
Ceratium pulchellum
Dinophysis caudata 
Prorocentrum micans 
Dictyocha fibula 
Associates: 
Group i 
Gymnodinium splendens 
Rhizosolenia alata 
Asteromphalus hepactis 
Peridinium pedunculatum 
Associates: 
Group ~ 
Pseudoeunotia doliolus 
Dinophysis accuminata 
Associates: 
Peridinium crassipies 
Coscinodiscus radiatus 
Coscinodiscus centralis 
Actinoptychus splendens 
Nitzschia bilobata 
Questionable Groups: 
Group I Group 11. 
Ceratium azoricum Nitzschia delicatissima 
Ceratium tripos Fragilaria crotonensis 
Group 2. 
Peridinium sp. 
Peridinium sp. 
0 
E 
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and 12) have been considered to be neritic because most of
-
their members have been recognized as neritic species 
(Cupp 1943; Hendy 1964; Venrick 1969). Four of the groups 
(3, 4, 6, and 8) were composed of species considered to be 
oceanic or cosmopolitan, and are regarded here as oceanic 
groups. Three groups (7, 9, and 11) were composed of 
species pairs of questionable or confusing identification. 
These are probably not valid groups and are not considered 
below. 
A high degree of association was found between• 
several of the groups (Fig. 9). An association between 
groups is considered to occur when a species in one group 
shows an affinity (high degree of co-occurrence) with a• 
species in another. The degree of association is shown in 
Figure 9 as a percentage of the number of species-pair 
associations possible. A one-hundred percent association 
would place both groups into a single group. 
The occurrence and abundance of these 9 species 
groups has been plotted in Figure lOA, B and Figure 11A, B.• 
The accordian diagram displays the percentage of the popula-
tion accounted for by a particular group. A group was 
considered to be present only when greater than two-thirds 
of the members of a given group were present. 
Five groups, three neritic and two oceanic, 
accounted for the bulk of the population (Figure lOA, B), 
• 
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DEGREE (F ASSOCIATIOO BETWEEN GRflPS .. 
69% GRtlP 2 
NERITIC 
" 
GRtlP 1 
NERITIC 
18 SPECIES 
GROlP 3 
OCEANIC 
4 SPECIES 
.. 
81 % GRtlP " OCEANIC 
3 SPECIES 
67% GROUP 5 
NERITIC 
3 SPECIES 
Figure 9. Degree of association between recurrent groups. 
Lines connecting groups indicate an association. 
The degree of association is expressed as a 
percentage of the total number of species-pair 
associations possible. 
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with the remaining four groups appearing infrequently or
-
in very low numbers (Fig. 11A, B). A single large group 
of 18 species and 3 associates, group 1, strongly dominated 
the population for much of the study. This group consisted• 
primarily of northern cold-water diatom species, dominated 
by members of the genus Chaetoceros. This dominant species 
group showed little correlation with seasons or upwelling 
events, and accounted for a high percentage of the popula-
tion for most of the year. 
Strongly associated with this group were neritic 
groups 2 and 5, and oceanic group 4 (Figure 9). Group 2, 
a neritic group consisting of 3 diatom and 1 dinoflagellate 
species, showed maximum development during the Davidson 
Current period of the second year (Fig. lOA, B). This was 
a time of declining surface temperatures and high nutrient 
levels due to a breakdown in stratification (Fig. 6A, B, C). 
The presence of this group at other times of the year also 
showed a strong correlation with cool, high nutrient condi-
tions. Group 5, dominated by the species AsterioneZZa 
japonica, could not be associated with a particular water 
type. The oceanic group 4 was found in low numbers during 
both years, and was absent during major upwelling periods. 
A group of major importance was the oceanic group 
3, which strongly dominated the phytoplankton during the 
Davidson Current period of 1974-75. This group contained 
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•four dinoflagellate species, and was dominated by Gonyaulax 
polyedra. This single species was responsible for a "Red 
Tide" bloom that persisted for over twelve weeks, and 
presented a spectacular display of bioluminescence. Algal 
biomass was high at this time, reaching an average of over 
10 mg/liter chlorophyll ~ in the upper 20 meters. During 
the course of the bloom, nitrates dropped to almost unde-
tected levels. This group appeared suddenly with the onset 
of the Davidson Current period, and disappeared precipi-
tously at the beginning of the Upwelling period. The group 
did not reappear the following year, although Gonyaulax 
polyedra did reappear sporadically, but never in large 
numbers. 
Three of the remaining four groups, although never 
attaining high numbers, possessed a high fidelity with 
water type. Oceanic groups 6 and 8 occurred almost exclu-
sively during the Oceanic and Davidson periods; and neritic 
group 10 showed a high fidelity to upwelling conditions. 
The remaining group 12 showed no association with water type. 
In all, six of the nine groups could be associated 
with a particular water type or season (Table 7). Groups 
2 and 3 were associated with the Davidson period; groups 4, 
6, and 8 with Oceanic and Davidson water, but were rarely 
found during upwelling. Three neritic groups, the large, 
dominant group 1, and its associated group 5, as well as 
'" 
Table 7 
.. GROUP NUMBER AND 
ASSOCIATED WATER TYPE 
Water type Group number 
Upwell ing 10 
Davidson 2, 3 
.. Oceanic/Davidson 4, 6, 8 
No association 1, 5, 12 
.. 
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group 12, were not strongly associated with any particular 
type of water. 
Both stations displayed similar trends with respect 
to recurrent species groups. Development of groups with 
respect to cumulative percent was similar, and groups 
occurred with similar timing at both stations. 
Species Diversity 
A diversity index was employed as another indicator 
of change in the phytoplankton community structure. The 
Shannon-Wiener measure H', was considered the most appro-
priate as it is independent of sample size, and based on 
entropy change, and has proved useful in studies of phyto-
plankton communities (Patten 1962; Fager 1972; Poole 1974). 
s .... 
H' = I: p. log Pi 
. 1 11= 
where s = the number of species and Pi = the proportion of 
the total number of individuals consisting of the i th species. 
Significant differences in species diversity were 
found among hydrographic periods. Utilizing the t-test for 
significance at the .01 probability level, and pooling the 
diversity values by period for both stations, all periods 
showed significant differences except the Oceanic vs. Upwell-
ing periods of the second study year. 
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Comparing the two stations, species diversity did 
not differ significantly during the Davidson periods, sug-
gesting more uniform horizontal mixing in the bay at this 
time. This assumption is supported by the hydrographic 
data which show minimal differences in hydrographic param-
eters at this time. The Upwelling period of the first 
• study year also showed no significant difference in diver-
sity between stations. 
Within stations, changing hydrographic periods 
• were accompanied by significant changes inspecies diversity, 
with the single exception of the transition of the David-
son to Upwelling periods at station 3 during the second 
study year. 
A plot of species diversity at the two stations 
with time (Fig. 12A, B, C), revealed some interesting pat-
• terns. A noticeable change in diversity occurred at the 
transition between hydrographic periods. Diversity gener-
ally increased briefly, and then decreased at these transi-
tions, suggesting a mixing of phytoplankton species 
associated with different water types. This general 
phenomenon has been documented (Margalef 1958) and is 
typical of mixing of two communities along a boundary, with 
the diversity index rising in the friction zone. 
Of more interest is the surprising similarity 
• between the curves of species diversity and the rise and 
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., fall of isotherms in the bay (Fig. 12B). The curve dis-
playing the depth of the 10 and 11 0 C. isotherms has been 
superimposed upon the plot of species diversity on station 
., 3 to demonstrate this point . 
The depth of the 11 0 C. isotherm most resembled 
the diversity curve for the first year, but the 10 0 iso-
therm produced a better fit the second year, which was 
generally a much cooler year. 
The apparent correlation of diversity with rising 
and falling isotherms suggests that perhaps changes in 
diversity are related to the depth of the isotherm, or 
mixed layer. To examine this relationship, the depth of 
., the mixed layer was calculated based upon the depth of 
maximum temperature change; Apparent Oxygen Utilization 
(AOU), a function of oxygen saturation; and the vertical 
distribution of plant nutrients, with the assumption that 
if no noticeable thermocline was found, the depth of the 
mixed layer was 1 meter. This was plotted along with the 
., diversity curve in Figure 12C. A product-moment correla-
tion coefficient was calculated for the data, which yielded 
a coefficient of r = .48, which was significant at p = .01. 
The rise and fall of isotherms in the bay, as 
previously discussed, is an indication of upwelling activity 
and the active transport of subsurface water towards the 
surface. This vertical transport may be instrumental in 
., 
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bringing vegetative cells residing in the sediments or 
euphotic subsurface layers to the surface where they may 
temporarily increase the species diversity. As upwelling 
slackens and nutrient levels decline, conditioning of the 
water and selective processes such as differential grazing 
may reduce the diversity. Indeed, periods of minimum 
diversity nearly always coincided with sinking isotherms, 
as in the case of the bloom of Gonyaulax polyedra during 
the Davidson period of 1974-75. 
• 
-
• 
• 
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DISCUSSION 
Though the two stations differed significantly in 
terms of hydrographic parameters, the species composition 
and dynamics of the photoplankton population was remarkably 
similar. Throughout the year temperatures were cooler 
and nutrients richer at station 3 over the canyon compared 
with station 1 in the shallower shelf area of the south 
bay. This suggests that the water in the south bay has 
been at the surface for a longer period of time, during 
which insolation and mixing has caused the temperature to 
rise. Phytoplankton growth has reduced plant nutrients, 
as evidenced by the higher standing stocks and oxygen 
levels occurring at station 1. 
One might expect to see significant species 
• 
differences in the two areas, as water in the south bay 
appears to be biologically somewhat older. Water is prob-
ably upwelled along the coast south of the bay and advected 
• 
northward into the bay (Broenkow and Smethie 1978), pro-
viding the phytoplankton a longer period within the euphotic 
zone for selective processes such as differential grazing 
• 
and growth rates to alter the species composition. No such 
species differences were found. This suggests that the 
mixing of water from the canyon area with surrounding water 
69 
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probably obscures any real species differences, if in fact 
any exist. Since the biomass is so low over the canyon in 
relation to the shelf areas, relatively few plant cells 
are brought to the surface locally in relation to the sur-
rounding water with which it mixes. 
The major effect of the canyon on the local 
phytoplankton community is probably that of a nutrient 
pump which enriches the surface waters, and that of an 
advective force, as it has been shown that the canyon· 
waters flow both seaward and at times into the northern 
and southern bights (Smethie 1973; Waidelich 1975). 
Studies of species associations in other areas 
have associated species groups with spatial variability in 
water masses, or seasonal population changes (Venrick 1971; 
Dandonneau 1971; Blasco 1971). Dandonneau (1971) found 
along the Ivory Coast groups which were associated with 
upwelling waters, post-upwelling water, oligotrophic water, 
land drainage, as well as groups present in all water types. 
Venrick (1971), working in the North Pacific, associated 
groups with four epipelagic environments: neritic, sub-
arctic, transition, and Central Pacific. 
As Monterey Bay is a region which undergoes marked 
seasonal change, we would expect to find groups strongly 
associated with hydrographic periods. Although six of the 
nine groups identified showed affinity to hydrographic 
-
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seasons, only three groups showed a high fidelity with a
-
single hydrographic period. Groups 2 and 3 were strongly 
associated with the Davidson period, and group 10 was found 
almost exclusively during the Upwelling period. Three 
groups (4, 6, and 8). were absent during the Upwelling 
period but present during both Oceanic and Davidson periods, 
and three groups could not be associated with any period 
(1, 5, and 12). 
A single, large (18 species), persistent and 
• numerically important group of neritic diatom species dom-
inated the phytoplankton for most of the year. This is 
consistent with Garrison's (1980) data for the north bay 
during 1976-77. This may be typical of coastal upwelling 
regions, as Smayda (1966) has reported that phytoplankton 
dynamics in the Gulf of Panama were the result of changes 
among relatively few endemic species. This large neritic 
group appears to be endemic, but at times may be displaced 
by groups associated with advective effects such as occurred 
• during the first year when a group strongly associated with 
the Davidson period, group 3, numerically dominated the bay. 
Venrick (1971) suggests that in neritic areas 
• species associations must redevelop each year, and that 
their composition depends upon seed cells from adjacent 
environments. However, the persistence of a single neritic 
• group over the two-year period of this study suggests that 
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perhaps for near-coastal areas and embayments, an indige-
nous seed stock may exist which may be important in seeding 
adjacent waters, especially during upwelling periods when 
a primary direction of surface transport is offshore. 
Succession in Monterey Bay appears to be closely 
related to the hydrographic seasons. The Upwelling period 
was dominated by Skeletonema costatum, Chaetoceros debilis, 
and C. radicans, species typical of the first stage of 
succession. As nutrient levels declined during the Oceanic 
period, many of the same species persisted, but diversity 
increased as new species such as Nitzschia spp., Eucampia 
zoodiacus, and Chaetoceros constrictus became numerically 
important. This period may represent the second succes-
sional stage. Species typical of the third successional 
stage were found almost exclusively during the Davidson 
period, when dinoflagellates dominated the population. 
During the Davidson period of the first year, this resulted 
in a bloom of Gonyaulax polyedra which dominated the entire 
period. The second year saw more of a succession during 
this period, with many diatom species present during the 
early part of the period, and dinoflagellate species such 
• 
as Gymnodinium splendens and Peridinium trochoideum more 
numerically important later on. 
When studying population dynamics a~ a fixed 
geographical location, one must always deal with the 
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relative role of autochthonous and allochthonous species 
(Gran and Braarud 1935; Smayda 1966). It is difficult, 
especially in an area as dynamic as the Central California 
• 
coast, to discriminate between local successional changes 
related to differential reproduction and selective elimina-
tion of species, and changes due to translation of water 
• 
masses, carrying their own populations undergoing succes-
sion (Margalef 1958). Both factors appear to be important 
in Monterey Bay. During the Upwelling and Oceanic periods, 
• 
succession appears to occur primarily among species belong-
ing to a large group of more or less endemic species (group 
1), and is limited to the first two stages of succession, 
• 
probably by upwelling events. The third successional stage 
is apparent during the Davidson period, and may be due to 
advective effects. During this period, group 1 often dis-
appears from the surface as southern water floods the bay. 
The red-tide bloom of Gonyaulax polyedra during the 
Davidson period of 1974 provides an interesting example of 
the dramatic change in the character of the phytoplankton 
accompanying a major hydrographic event, the advection of 
southern, counter-current water into the bay. 
• 
Several factors have been proposed as being 
contributory or essential to the occurrence of a red-tide 
bloom. They include: elevated water temperatures and 
• 
stratification of the water column leading to stable water 
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masses (Ryther 1955); reduced salinities (Aldrich 1960); 
low nutrient levels and high levels of vitamin B-12 
(Eldrid 1964); and the chelation of toxic metal ions 
(Collier 1955). EppJ.ey et al. (1968) have suggested that 
in southern California, prerequisites for a bloom include: 
a) the presence of an inoculum or "seed" population, and 
b) a burst of upwelling to enrich the nutrient-poor sur-
face waters. Blasco (1977) has also related the dominance 
of GonyauLax poLyedra to an increase of nitrate in the 
euphotic zone. 
Many of the above factors may have occurred 
simultaneously to produce a bloom in Monterey Bay. At 
the beginning of the Davidson period, temperatures were 
high (>15° C.), the water was well stratified, salinities 
were decreasing, and the mixing of counter-current (David-
son) water with upwelled water may have provided the 
necessary elevation of nutrients in the euphotic zone. 
The origin of the seed population is difficult to 
determine. The initial inoculum may have come from one 
or both of two sources. Spores, or senescent cells resid-
ing in the sediments or deeper layers of Monterey Bay, may 
have been introduced into the euphotic zone by upwelling-
induced mixing, or they may have been associated with the 
water mass as it moved up the coast. The presence of an 
endemic seed population seems unlikely as this species is 
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rarely encountered in Monterey Bay (Bigelow and Leslie 
-
1930; Balech 1960; Bolin and Abbott 1963). More likely 
is the presence of cells within the Davidson current, as 
-
this current flows up the coast from southern California 
where Gonyaulax polyedra is a frequent member of the 
phytoplankton community (Allen 1928; Holmes et al. 1967; 
-
Eppley et al. 1968). 
The bloom in Monterey Bay terminated abruptly with 
the onset of upwelling which may have resulted in the 
• 
advection seaward of the bloom. It is likely, however, 
that zooplankton grazing was also instrumental in limiting 
the bloom, as phytoplankton biomass was already declining 
• 
half-way through the period. Holmes et al. (1967) sug-
gested that a red-tide bloom off La Jolla, California, was 
decimated by the grazing of Polykrikos sp., Noctiluca sp., 
and rotifers, and Blasco (1977) suggested that copepod 
grazing may have been important in limiting a bloom of 
Gonyaulax polyedra along the coast of Baja California. 
The close correlation between species diversity 
and the depth of the mixed layer was somewhat surprising. 
What this suggests is that the shoaling of the thermocline, 
• 
as a result of upwelling, provides a mechanism for the 
introduction of new species into the mixed layer. This 
may have a strong effect on succession as Margalef (1958) 
and others have shown that upwelling often initiates 
• 
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succession. New species may be introduced into the surface 
layers along with a rich supply of nutrients during upwell-
ing. This suggests a mechanism for the retention of an 
endemic group of diatoms in the bay. 
Vegetative cells of numerically important species 
are usually present in the bay, and resting-spore formation 
is a conspicuous event in the cycle of several important 
species. Upwelling may act to resuspend cells of endemic 
species. During non-upwelling periods, such as the David-
son period, when group 1 species largely disappear from 
the surface waters these species may descend to the lower 
depths with the depressed isotherms, only to be resuspended 
again during upwelling. 
One can not, however, ignore the possibility of 
sampling errors resulting from the fluctuating depth of 
the thermocline. The samples may have been strongly biased 
at times by sampling through this layer. The existence 
of a sub-surface chlorophyll maximum associated with the 
thermocline has been well documented for the West Coast 
(Steele and Yentsch 1960; Steele 1964; Yentsch 1965; 
Lorenzen 1967), and frequently occurs in Monterey Bay 
(pers. observation). Reid et al. (1978) have demonstrated 
significant species differences in phytoplankton sampled 
in the sub-surface maximum and in the mixed layer. This 
could easily bias the data, as net samples collected when 
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the thermocline was very shallow would represent species 
residing both in the chlorophyll maximum layer and in the 
mixed layer, whereas collections taken when the thermo-
cline was below the reach of the net would represent only 
the mixed layer population. This sampling problem could 
easily lead to the erroneous interpretation of net collected 
samples, and throws some question on the validity of the 
species diversity data. Diversity would indeed appear 
higher when the thermocline was shallow, as a net could 
sample two populations at such a time. 
These considerations suggest that if one wishes to 
sample the surface or mixed layer, as was intended in this 
study, a knowledge of the depth of the thermocline is essen-
tial. Further, it is important to know the vertical struc-
ture of the water column at the time of sampling. Kamykowsky 
(1973), Haury (1976), and others have demonstrated the impor-
tance of internal waves which may cause the thermocline to 
fluctuate by as much as tens of meters. This can occur on 
a time scale of from minutes, to tidal oscillations of 12 
hours. Tidal related internal wave activity has been docu-
mented for Monterey Bay by Broenkow and McKain (1975) and 
Shea (ms. in prep.), and appears to be of particular impor-
tance near the submarine canyon, providing an important 
mechanism for the upward mixing of deeper canyon waters. 
SUMMARY AND CONCLUSIONS 
Seasonal changes in the physical characteristics 
of the surface waters of Monterey Bay were accompanied 
by significant changes in the character of the phytoplank-
ton population. Large increases in plant biomass occurred 
in response to upwelling, with low levels during periods 
of subsidence. Succession occurred primarily among a 
relatively small number of species in a pattern that was 
largely repeatable from year to year. During the Upwelling 
and Oceanic periods, succession occurred primarily among 
neritic diatom species, the majority of which belonged to 
a single endemic recurrent group. The Davidson period, 
however, saw the development of dinoflagellate species 
typical of more southern waters. 
A comparison of phytoplankton populations at two 
stations, one in an area characterized by more recently 
upwelled water over the submarine canyon, and the other 
in biologically older water in the south bay, revealed 
significantly lower biomass in the former. In terms of 
species composition and relative abundance, however, the 
two stations were similar, suggesting a high degree of 
mixing of surface waters. Previous workers (Bolin and 
Abbott 1963), may have been justified in lumping samples 
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from stations throughout the bay in characterizing the 
phytoplankton of the surface waters. 
Recurrent group analysis revealed the presence of 
9 recurrent species groups, the majority of which could 
be associated with a characteristic water type. Two 
groups were associated with the Davidson period, one 
with Upwelling, and three with non-upwelled waters. Three 
groups could not be associated with hydrographic activity. 
Species diversity was found to correspond closely 
with the rise and fall of the thermocline, being highest
• 
when the thermocline was near the surface. Two explana-
tions are suggested to explain this relationship. 1) This 
may reflect the introduction of new species into the mixed-
layer by upwelling processes. 2) This may be an artifact 
of sampling without regard to the depth of the thermocline. 
The problems associated with sampling through a thermocline, 
where species differences may exist above and in or below 
this boundary layer, points to the importance of a knowledge 
of the vertical structure of the water column at the time 
of sample collection when using nets . 
• 
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APPENDIX 
LIST OF PHYTOPLANKTON SPECIES IDENTIFIED AND 
MAXIMUM PERCENTAGE OF TOTAL POPULATION ACCOUNTED FOR BY EACH SPECIES 
Species Name Maximum Percent 
DIATOMS: 
Achnanthes brevis 0.3
.. Achnanthes longipes 62.3 
Achnanthes pseudogroenlandica 0.9 
Actinocyclus ehrenbergi 0.2 
Actinocyclus sp. 0.5 
Actinoptychus splendens 1.8 
Actinoptychus undulatus 11.2 
Actinoptychus sp. 0.5 
Asterionella japonica 29.1 
Asterolampra marylandica 0.1 
Asteromphalus hepactis 1.6 
Amphiprora sp. 0.1 
Bacteriastrum delicatulum 0.5 
Bacteriastrum hyalinum 0.9 
Bacteriastrum varians 0.5 
Biddulphia aurita 1.2 
Biddulphia longicruris 2.4 
Biddulphia longicruris var. hyalina 1.7 
Caloneis sp. 0.1 
Ceratulina bergonii 10.1 
Chaetoceros affinis 7.8 
Chaetoceros atlanticus 0.3 
Chaetoceros brevis 0.2 
Chaetoceros cinctus 20.9 
Chaetoceros compressus 6.9 
Chaetoceros concavicornis 10.0 
Chaetoceros constrictus 35.2 
Chaetoceros convolutus 11.9 
Chaetoceros costatus 28.4 
Chaetoceros coreactus 0.9 
Chaetoceros curvisetus 20.4 
Chaetoceros danicus 0.7 
Chaetoceros debilis 62.0 
Chaetoceros decipiens 16.6 
Chaetoceros diadema 5.0 
Chaetoceros dichaeta 0.2 
Chaetoceros didymus 7.1 
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Species Name 
Chaetoceros laciniosus 
Chaetoceros laudaria 
Chaetoceros lorenzianus 
Chaetoceros pelagicus
Chaetoceros pendulus 
Chaetoceros peruvianus
Chaetoceros radicans 
Chaetoceros seiracanthus 
Chaetoceros similis 
Chaetoceros teres 
Chaetoceros sp. 
Cocconeis scutelum 
Cocconeis sp. 
Corethron hystrix 
Coccinodiscus angstii 
Coscinodiscus centralis var. pacifica
Coscinodiscus concinnus 
Coscinodiscus curvatulus 
Coscinodiscus excentricus 
Coscinodiscus granii 
Coscinodiscus kutzingii 
Coscinodiscus lineatus 
Coscinodiscus marginatus 
Coscinodiscus nitidus 
Coscinodiscus oculus iridis 
Coscinodiscus perforatus var. cellulosa 
Coscinodiscus radiatus 
Coscinodiscus rothii 
Coscinodiscus stellarus 
Coscinodiscus wailesii 
Coscinodiscus sp.
Coscinosira polychorda
Cylindropyxis sp
Dimeregramma minor 
Diploneis sp.
Ditylum brightwellii 
Eucampia corn uta 
Eucampia zoodiacus 
Fragilaria crotonensis 
Fragilaria sp.
Grammatophora angulosa
Grammatophora marina 
Gyrosigma spencerii 
Maximum Percent 
2.6 
0.7 
9.5 
9.7 
0.6 
4.0 
83.6 
0.5 
2.8 
2.4 
9.5 
0.1 
1.1 
7.3 
0.2 
2.0 
1.4 
79.0 
3.7 
0.3 
1.5 
3.2 
0.6 
3.1 
0.4 
0.2 
1.9 
13.1 
0.4 
1.6 
0.9 
2.9 
4.7 
0.5 
0.4 
3.3 
0.8 
42.4 
2.0 
0.2 
0.8 
0.4 
0.4 
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Species Name 
Hemiaulus membranaceus 
Hemiaulul sinensis 
Hemidiscus cuneformis 
Lauderia borealis 
Leptocylindrus danicus 
Licmophora abbreviata 
Lithodesmium undulatum 
Mastogloia splendida 
.. Navicula calida 
Navicula cruciculoides 
Navicula distans 
Navicula hyalina 
Navicula miniscus 
Navicula sp. 
• Nitzschia bilobata var. minor 
Nitzschia closterium 
Nitzschia delicatissima 
Nitzschia longissima 
Nitzschia paradoxa 
Nitzschia pacifica
• Nitzschia pungens var. atlanticus 
Nitzschia seriata 
Plagiogramma vanheurcki 
Planktonella sol 
Pleurosigma elongatum 
Pleurosigma hamuliferum 
Maximum Percent 
1.8 
2.0 
0.5 
2.1 
43.4 
0.2 
0.9 
0.1 
1.1 
2.0 
2.4 
0.1 
0.9 
3.0 
1.1 
8.0 
23.0 
27.6 
1.8 
74.2 
61.0 
39.4 
0.7 
0.6 
0.2 
0.5 
2.0 
5.8 
8.3 
0.3 
0.3 
0.7 
0.2 
7.5 
10.6 
1.6 
3.3 
0.9 
2.7 
47.5 
10.2 
63.0 
0.6 
1.7 
5.0 
Pleurosigma normanii 
Pseudoeunotia doliolus 
Rhizosolenia alata 
Rhizosolenia alata f. 
Rhizosolenia alata f. 
Rhizosolenia alata f. 
Rhizosolenia calcar avis 
Rhizosolenia delicatula 
Rhizosolenia fragilissima
Rhizosolenia hebetata f. 
Rhizosolenia hebetata f. 
Rhizosolenia robusta 
Rhizosolenia setigera
Rhizosolenia styliformis 
Schroderella delicatula 
Skeletonema costatum 
Stephanopyxis nipponica 
Stephanopyxis palmeri ana 
Stephanopyxis turris 
curvirostris 
gracil
indica 
hiemalis 
semispina 
• 
.'., .. 
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Surire11a minima 
Surire11a smithii 
Surire11a so. 
Tha1assiosira aestiva1is 
Tha1assiosira decipiens 
Tha1assiosira qravida 
Tha1assiosira hva1ina 
Tha1assiosira rotu1a 
Tha1assiosira subti1is 
Thalassiosira nordenskio1dii 
Tha1assiothrix de1icatu1a 
Thalassiothrix frauenfe1dii 
Thalassiothrix mediterranea 
Thalassionema nitzschioides 
Triceratium antedi1uvianum 
Tropidoneis antarctica 
DINOFLAGELLATES: 
Ceratium azoricum 
Ceratium buceros 
Ceratium candelabrum 
Ceratium contortum 
Ceratium dens 
Cerati urn furca 
Cerati urn fusus 
Ceratium hircus 
Ceratium horridum molle 
Ceratium kofoidi 
Ceratium limulus 
Ceratium lineatum 
Ceratiuw ~acroceros 
Ceratium minutum 
Ceratium pentagonum
Ceratium Detersii 
Ceratium pu1chel1um
Cerati urn teres 
Ceratium trioos 
Dinonhysis accuminata 
Dinophysis acuta 
Dinophysis caudata 
Dinop~vsis forti 
Dinoph.ysis norvegica 
Dino~hysis ovum 
Dinophysis sphaerica 
Dinop~ysis tripos 
Maximum Percent 
0.6 
0.3 
0.8 
71. 3 
43.0 
13.0 
5.0 
4.1 
23.2 
6.3 
2.1 
1.6 
1.6 
24.5 
0.1 
5.3 
3.7 
1.6 
0.5 
0.2 
0.9 
5.1 
0.4 
0.2 
0.2 
2.9 
0.1 
5.7 
1.9 
3.3 
0.8 
0.8 
13.3 
0.1 
3.1 
3.0 
0.4 
6.5 
0.4 
0.3 
1.2 
2.2 
0.7 
.. 
.. 
• 
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" 
S~ecies NaPle Maximum Percent ~;:;;..;,.::....-.----------------_..:....:.::::~~:.:.-;...:::.:....::..::..:..:...:::. 
, 
.. 
" 
., 
Exuviella so. 
G1enodin;urn Sl). 
GO'1idomata sp. 
Gonyaulax africana 
Gonvau1ax a1askensis 
Gonvau1ax conjuncta 
Gonyaulax diqita1e 
Gonvau1ax 10ngisoina 
Gonvaulax nivico1a 
Gonvau1ax no1Vedr~ 
Gonvau1ax spinifera 
G0nvaulax tricantha 
Gonlfau1ax so. 
~y~nodinium 1unu1a 
~vmnodinium s~lendens 
GVmnodin;um varians 
Gvmnodinium SD. 
Gyrodbi urn sp. 
Heterodinium sp. 
Nocti1uca scintillans 
()xytoxum ')arvulTJ 
Peridinium crassi?ies 
Peridinium deficiens 
Peridinium depressum 
Peridinium divergens 
Peridinium granii 
Peridinium hanqoei 
Peridinium hirobis 
Peridinium 1eonis 
Peridinium minusculum 
PeridiniulTJ oceanicum 
Peridinium ovum_ 
Peridinium peduncu1atum 
PeridiniulTJ pel1ucidum 
Peridinium oentaqonum 
Peridinium roseum 
Peridinium sphaericum 
Peridinium trochoideum 
Peridinium venus tum 
Peridinium sp. A 
Peridinium sp. B 
Peridinium sp. C 
Peridinium SP. 0 
Peridinium sp. E 
0.4 
0.4 
0.1 
0.6 
0.1 
19.8 
0.1 
0.1 
1.3 
91.6 
2.7 
0.9 
0.4 
0.6 
35.2 
3.2 
8.1 
0.8 
0.4 
1.4 
0.8 
12.9 
0.2 
0.6 
0.1 
4.5 
19.9 
0.7 
E.;2 .~ 
1.0 
0.4 
0.6 
7.0 
0.1 
0.6 
0.8 
0.6 
37.0 
0.3 
6.5 
7.7 
0.2 
72.2 
5.9 
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Sl)eci es .Name 
Pha1acroma ovum 
Pha1acroma sp. 
Prorocentrum gracile 
Proror.entrum micans 
OTHERS: 
COCCOLITHOPHORES 
CHRYSOPHYTA 
Dictyocha fibula 
Distephanus speculum
HAPTOPHYCEAE 
Maxirtll.Jril Percent 
0.1 
0.2 
0.3 
15.5 
6.7 
0.2 
2.3 
12.6 
2.0 
• 
• 
